Introduction
Persea americana Mill. (family: Lauraceae), commonly known as 'avocado', is a tropical and subtropical fruit. Although P. americana is a native plant in Central America (Mexico), it grows in places as far from America, Australia, South Africa, and so on. Avocados are rich in unsaturated fatty acids, folic acid, dietary fiber, vitamins, pantothenic acid, and other nutrients [1] . Lipophilic extract of avocado has been revealed be potent in lowering risk of cardiovascular and diabetes, attenuating liver injury, inhibiting prostate cancer cell growth, and inducing apoptosis in human Abbreviation: PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PA, phosphatidic acid; PG, phosphatidylglycerol; G/TiO 2 , graphene/titanium dioxide nanocomposite; B&D, Bligh & Dyer; MALDI-TOF/MS, matrix-assisted laser desorption ionization-time of flight/mass spectrometry; PCA, principal component analysis. breast cancer cells [2] [3] [4] [5] . The consumption of avocado in United States has increased in recent years, and it amounted up to 740,000 t in 2013. However, seeds, peels, and other parts are normally discarded as useless when consuming or processing, causing environmental waste problems. Recovery of bioactive plant constituents from food industrial waste is promising and will be a cost-effective and environmental friendly option.
Phospholipids (PLs) are the primary structural constituents of biological membranes, possessing important physiological functions and positive nutritional properties. The molecular types of phospholipids varied greatly due to a glycerol backbone with one headgroup at the sn-3 position and a fatty acyl substituent at the sn-1 and/or sn-2 position. They have been reported to exert beneficial effects on human health, such as anti-inflammatory activity and reduction of the risk of cardiovascular disease [6, 7] . Furthermore, PLs have been recognized as potential biomarkers for ovarian cancer, diabetes, and other diseases [8] [9] [10] [11] . Recently, driven by the rapid advances in technologies such as mass spectrometry (MS), a new concept, namely lipidomics, has been used to describe the complete lipid profile within a cell, tissue, or organism on a large-scale and at the intact-molecule level. MS based lipidomics profiling efficiently generates qualitative, quantitative, and reproducible analytical results from any environmental, clinical, biological or food samples [12] [13] [14] [15] [16] [17] . However, there are still challenges in the PLs analysis, which are arisen from the low abundance of nonpolar triglycerides, and the simultaneous occurrence of a number of positional and structural isomers.
Graphene has attracted increasing interest for both fundamental science and applied research, due to its unique twodimensional double-sided structure [18] . Integrating graphene with other inorganic materials to fabricate composites or hybrids is the focus of the applications. The high specific surface area and loading capacity endows graphene a good support to achieve a uniform distribution of the loaded nanoparticles. Meanwhile, TiO 2 is reported as an ideal material for separation and enrichment of phosphorylated compounds [19] . It has already been comprehensively used to selectively extract phophopeptide from crude mixture [20] . Recently, endeavors have been devoted to exploit TiO 2 as affinity material for extraction of phospholipids [21, 22] . The mechanism behind involves two distinct binding modes between phosphopeptides or phospholipids and TiO 2 . The hydroxyl groups in phosphopeptides and some phospholipid classes, like PA and PI, bind via a chelating bidentate mode, while the phosphoryl group binds through a bridging bidentate mode [23] .
In this report, we integrate graphene and TiO 2 and use this nanocomposite as SPE sorbent for the purification and enrichment of phospholipids from avocado. Both the pulp and seed of avocado were tested. The fortified phospholipid samples were further subjected to fast MALDI-TOF/MS for profiling. The overall method was optimized.
Materials and methods

Materials
Avocados were purchased from local market and well stored in the Laboratory of Natural Products, City University of Hong Kong. For preparation, all avocado samples were separated into two parts, pulps and seeds. 2,5-dihydroxybenzoic acid (DHB) and 9aminoacridine (9AA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). HPLC grade chloroform and methanol were purchased from Fisher Scientific (Waltham, MA, USA). Water with a resistivity of 18 MV cm was purified by a Milli-Q system from Millipore (Billerica, MA, USA). Other chemicals and solvents used were in the highest quality without additional purification unless specified otherwise.
Synthesis of G/TiO 2 nanocomposite
Graphite oxide (GO) was synthesized by an improved Hummer's method [24] , a 9/1 mixture of concentrated H 2 SO 4 / H 3 PO 4 (360 mL/40 mL) was added to a mixture of graphite flakes (3.0 g, 1 wt equiv.) and KMnO 4 (18.0 g, 6 wt equiv.), producing a slight exotherm to ca. 40 C. The reaction mixture was then heated to 50 C and stirred for 12 h. The reaction mixture was cooled to room temperature and poured onto ice (ca. 400 mL) and quenched with 30% H 2 O 2 (5 mL). For workup, the mixture was neutralized by three cycles of centrifuged (10,000 rpm for 2 h), decantation, and suspension in 4 wt% aqueous HCl solution. The remaining solid material was then dialyzed in ultrapure deionized water to remove remaining salts (4 Â 5 L, with water changed every 4 h during daytime or after overnight). The solid was collected and vacuumdried overnight at room temperature, obtaining 5.6 g of product.
G/TiO 2 hybrid was synthesized in a previously reported twostep way [25] . Briefly, 16.0 mg of GO was dissolved in EtOH/water (350 mL/25 mL). The suspension was heated to 80 C under water bath with stirring. Then a solution of Ti(BuO) 4 (0.9 mL) and H 2 SO 4 (0.375 mL) in 25 mL of EtOH was added and the mixture was kept continuously stirring at 80 C for 12 h. Then, the reaction mixture was cooled down and the composite was collected by centrifugation and then washed with water for several times. In the second step of the synthesis, the washed composite was dispersed in water/DMF (125 mL/2.5 mL). The suspension was transferred to a 200 mL Teflon-lined stainless steel autoclave for hydrothermal reaction at 200 C for 24 h. The final product was collected by centrifugation and then washed with water. Fig. 1 shows the SEM scanning images of graphene and G/TiO 2 nanocomposite. As shown in Fig. 1A , the surface of graphene was smooth. After the TiO 2 coating, the surface of graphene was covered with TiO 2 particles ( Fig. 1B) . TEM image showed that the size of TiO 2 particle is around 20 nm ( Fig. S1 ).
Sample preparation
Crude lipids were extracted using classic Bligh & Dyer (B&D) method. Briefly, approximate 1.0 g of homogenized sample was mixed with 1.75 mL binary solvent mixture of chloroform and methanol (1:2, v/v). Then, sample mixture was added with 1.25 mL chloroform and followed by sonication extraction for 15 min. After that, an aliquot of 1.25 mL water was added to separate the solvent phases. The mixture was centrifuged at 8000 rpm for 10 min, and the lower organic phase was transferred to a new glass tube by micropipette. The aqueous phase was re-extracted with 2.0 mL chloroform for another two times as described before. The collected organic phases were combined, evaporated under nitrogen flow, re-dissolved in methanol, and diluted with water.
SPE preparation
A mass of 100 mg G/TiO 2 nanocomposite was packed into a 1 mL cartridge. Polypropylene materials were set as frits at the both sides to hold the sorbent (obtaining a bed of 0.6 cm height of G/ TiO 2 ). Before use, the SPE was preconditioned by washing with 3.0 mL methanol and activated with 3 mL water (pH 5). Then, the crude extract was loaded and passed through the cartridge at a flow rate of 0.5 mL min À1 . Subsequently, the cartridge was washed with cold acetone to remove nonpolar compounds. Then, analytes retained on the SPE sorbent were eluted with 3 mL mixture of chloroform and methanol (1:2), and the eluent was then analyzed by MALDI-TOF/MS. For methods comparison, two previously reported methods were also tested, and the detailed procedure is given in Supplementary materials.
MALDI-TOF/MS
Applied Biosystems 4800 MALDI-TOF mass spectrometer (AB Sciex, Foster City, CA) was used for lipid analysis, equipped with a 200 Hz tripled-frequency Nd:YAG pulsed laser with 355 nm wavelength. Assays were conducted in both positive and negative ion reflection mode at an accelerating potential of 20 kV. A delayed ion extraction time of 450 ns was selected according to the mass range under observation (m/z 450-1000) allowing for baseline isotopic mass resolution. Mass spectra were obtained by applying laser energy adjusted up to 5-10% above threshold irradiation according to the manufacturer's nominal scale. The sample spots under investigation was directly observed by an integrated video imaging system at about 25 fold magnification. External mass calibration was achieved using mixture of phospholipid standard chemicals. MS data was acquired by 4000 Series Explorer, version 3.5.2 program. An isotopic correction was conducted to confirm that minor peaks were not originated from the isotopic distribution of the adjacent and the more dominant lipid peaks.
Data analysis
MALDI-TOF/MS data was analyzed by the supplied instrument software Data Explorer v.4.9 (Applied Biosystems) using the Savitzky-Golay smoothing algorithm. Characterization of lipid was performed by comparing accurate mass information with the LIPID MAPS prediction tool (http://www.lipidmaps.org/tools/index. html) and confirmed by MS/MS in the LIFT-TOF/TOF mode. Values were represented as mean AE standard deviation (SD) of at least triplicate measurements (n ! 3). Principal component analysis (PCA) was applied to determine the main variability presented in the data sets, and to establish the relation between samples (objects) and phospholipids (variables). The raw data were imported into the statistical software package MarkerView, version 1.2.1 (AB Sciex, Concord, Canada), and the difference in the mass fragments (m/z) and the relative abundance could be obtained.
Results and discussion
Optimization of SPE
In order to evaluate the analytical potential of G/TiO 2 as SPE sorbent, and to obtain extracts with high recovery and low effect of matrix interferences from the avocado samples, effects of different parameters (pH of sample, type of washing solution and volume of eluent) on the abundance of phospholipids were investigated. PC (14:0/14:0), PE (15:0/15:0), PA (14:0/14:0), PG (15:0/15:0) and PI (16:0/16:0) were adopted as model compounds. It should be pointed out that the selected conditions were a compromise resulting from the chemically diverse set of phospholipids. These conditions may be far from optimal for some compounds.
pH of sample
The pH of sample, adjusted from 2 to 9, was applied to remove the polar compounds and enhance the binding ability of the G/TiO 2 sorbent. The results are shown in Fig. 2A . When pH increased from 2 to 5, the abundance of phospholipids was not changed significantly. If extreme acidic condition (pH from 2 to 3) was used, the results became unstable as revealed by the standard deviation (SD). When the sample was adjusted to neutral or even basic, the abundance of phospholipids decreased gradually. Considering these results, the pH of the crude sample was adjusted to pH 5 before loading.
Type of washing solution
For the washing solution, it should efficiently help to remove as much as interfering matrix from the cartridge but retain the target analytes on the sorbent. In order to eliminate the glycerides in avocado samples, the cartridges were subjected to washing solvents of water, methanol, chloroform, hexane, and acetone, respectively. As observed in Fig. 2B , methanol and chloroform were unsuitable to be used as washing solutions, because they induced loss of a large amount of phospholipids. Water improved the abundance of phospholipids, but the nonpolar matrix could not be effectively removed. The performance of both hexane and acetone were satisfactory. The latter one was selected as washing solution, as it generated the highest abundance of phospholipids in a clean manner. Meanwhile, the cartridge was easier to be dried due to the high volatility of acetone.
Volume of eluent
After the washing step, to desorb specifically the target analytes in the cartridge, the SPE was followed by an elution step with an appropriate amount of eluent. The volume of eluent, ranged from 1 mL to 5 mL, was tested in this study. For all the tested phospholipid standards (Fig. 2C ), the extraction efficiency increased along with an increase of elution volume. The highest abundance of phospholipids was obtained at an elution volume of 3 mL, and no improvement was observed with a further increase of elution volume. Therefore, 3 mL was enough for eluting the phospholipids from the SPE sorbent.
Method development and lipid characterization
According to preliminary experiment, DHB and 9AA were selected as the matrix for positive ion mode and negative ion mode, respectively, as they can be easily dissolved in organic solvents. This property efficiently helps to enhance the homogeneity of the crystallization of the matrix and sample. Therefore, the reproducibility of MALDI-TOF/MS data acquisition and the resolution of mass spectra can be increased [26] . B&D method was used as a starting point in this part of study, since, it was one of the most wildly used technique for extracting polar lipids. Fig. 3A reports the MALDI-TOF/MS spectrum relevant to the B&D extract of avocado pulp sample in the positive ion mode. As shown, two groups of lipids were observed, one was glycerides in the m/z range of 850-950, and the other was phospholipids in the m/z range of 750-850 and 450-550.
For SPE strategy, the crude B&D extract was loaded on the G/ TiO 2 sorbent and the SPE cartridge was washed with acetone under the optimized conditions. The obtained washing solution was also analyzed by MALDI-TOF/MS technique. As demonstrated in Fig. 3B , the glycerol ions were observed in a clean manner, indicating that acetone removed the nonpolar lipids well from the SPE cartridge and could be regarded as a good washing solution. For characterization, the dominate peaks were identified as TAG in the m/z range of 850-950. The potassium adducts of TAG, i.e., [TAG + K] + , were the majority proportion, while sodium adducts of TAG were the minor with lower intensities. Table S1 .
The eluate from G/TiO 2 based SPE cartridge is illustrated in Fig. 3C . Phospholipids, as one of the important lipid group, were observed with abounding quantities. Based on MS/MS data, literature reports and database LIPID MAPS, peaks obtained in the m/z range of 750-850 and 450-550 were identified as phospholipids and lysophospholipids, respectively. PC species adducted with hydrogen, potassium or sodium were the dominant ions, while PE species were detected in minor abundance. Table 1 and Table S2 , respectively. In this report, negative ion mode was conducted. The acidic phospholipids were more sensitively detected as negative ions in the sample with excess of PC or sphingomyelin [27] . MALDI-TOF spectra of avocado pulp sample showed more diversity than that in the positive ion mode. Some class of phospholipids, such as PI, PG, PA, and PE, are more sensitively and accurately detectable in the negative ion model. As shown in Fig. 4A (B&D method) and B (G/ TiO 2 method), about 58-80% of the total phospholipids were counted as the PI species. In the zoomed m/z range of 800-870 ( Fig. 4C) (Table 1 ). In the mass range of 650-800 ( Fig. 4D) , part of the phospholipids were identified as PC and PE, which were together counted for 9-15%. Without LC separation of lipid classes, some ion fragments of PC species [M À CH 3 As observed in Table 1 , PA and PG only accounted for about 10% of the total phospholipids. The limited amount of PA and PG could be partially attributed to the following reasons: (1) PA mainly functioned as signaling molecule, and some of which could be converted to triglycerides; (2) the process of PG synthesis via cytidine diphosphate-diacylglycerol myoinositol phosphatidyltransferase from phosphatidate could be suppressed by the process of PI synthesis [28] .
The crude lipid extract of seed was also subjected to the G/TiO 2 based SPE technique. The spectrum of B&D method was composed by the signals of glycerides and phospholipids (Fig. 5A) , while that of G/TiO 2 method was quite clean and only phospholipids could be observed (Fig. 5B) . The spectrum of G/TiO 2 method in negative ion mode was also tested and shown in Fig. 5C . Since the species of phospholipids in seeds were generally similar with that in pulps, the characters of phospholipids can be found in the previous section and is not discussed here.
Method comparison
Lipid profiles of avocado pulp sample obtained from both B&D method and G/TiO 2 nanocomposite based SPE method were comprehensively compared by MALDI-TOF/MS technique. Meanwhile, performance of G/TiO 2 based SPE method was also compared with that of other reported techniques, such as TiO 2 based matrix solid-phase dispersion (MSPD) and SPE method, using two representative lipid standards, PC 14:0/14:0 and PE 15:0/ 15:0.
In the positive ion mode, when compared to the classic B&D method, G/TiO 2 method retained well, the phospholipid ions with higher signal response and removed the ions of non-phospholipid such as DAG, TAG, and their fragments ( Fig. 3A and B as shown before). In the zoomed m/z range of 470-570 ( Figs. S2A and B) , ion [LPE20:3 + H] + (m/z 504.4) was obviously detected by G/TiO 2 method but not by the B&D method. Moreover, with this new method, ions intensity of m/z 520.3, 542.3, 544.3 were markedly increased. For the traditional B&D method, the signals of phospholipids in the MALDI mass spectra are suppressed by the glycerol ions due to the in-source competition of ionization, which has been long regarded as one of the biggest obstacles for the specific quantitative evaluation of phospholipids in the MALDI mass spectra. The eluent obtained from the washing step of SPE were further subjected to MALDI-TOF analysis, and were found out to be glycerides. It means that, in comparison with the traditional B&D method, the G/TiO 2 could efficiently fortify the absorption of the phospholipids and remove the glycerol compounds by the washing step.
In the negative ion mode, no significant difference could be observed between the mass spectra of B&D method and G/TiO 2 method ( Fig. 4A and B as shown before) at first glance. However, further investigation showed that great amount of noises were reduced when G/TiO 2 based SPE was applied to purify phospholipids. The m/z range of 470-510 of Fig. 4A and B were zoomed and shown in Fig. S2C and D, respectively. The reduced noise could be observed more obviously. Some peaks of lysophospholipids, such as [LPC16:0 + H] + (m/z 496.3), were enhanced, indicating the effectiveness of G/TiO 2 in selective extraction of phospholipids.
The performance of three methods (G/TiO 2 SPE, TiO 2 MSPD and TiO 2 SPE) were compared using enrichment factor (EF), which was defined as the ratio between the concentration of the analyte in the final eulate and the concentration of the analyte in the solution applied to the proposed three methods. The results are summarized in Table S3 . The highest EF of PC and PE were 2.97 and 3.03, respectively, obtained by G/TiO 2 SPE method. For TiO 2 SPE method, because the bed of SPE cartridge was easily collapsed when TiO 2 was directly used as SPE sorbent, the loading capacity of TiO 2 SPE cartridge reduced, leading to comparatively lower EFs (EF PC 0.61 and EF PE 0.67). The lowest EFs were obtained by TiO 2 MSPD method (EF PC 0.05 and EF PE 0.05). It indicated that MSPD method can be used for extraction and purification, but is not suitable for enrichment. Meanwhile, MSPD cartridge is dispotable and cannot be reused. Therefore, G/TiO 2 based SPE is proven to be an ideal method for selective extraction of phospholipids.
Method application and data analysis
PCA was applied to data analysis of the 88 avocado samples, including the pulps and seeds. Fig. 6 shows the PC1 and PC2 plot of avocado samples that explained 76.8% of total variance of the dataset. The dataset of MALDI-TOF/MS spectra from the pulps and seeds of avocado samples demonstrated a good clustering of replicates. As shown in Fig. 6A , the clusters are well separated by the PC1 axis, and the intra-cluster variation could be explained by the PC2 axis. The cluster on the left side represents the seeds while that on the right side represents the pulps. Examination of the loadings plot ( Fig. 6B) revealed the most influential ions that is responsible for separation between clusters. The ions which had the greatest influence on the scores plot were those farthest away from the main cluster of ions. Examination of PC1 loadings showed that sample variability between pulps and seeds could be attributed to many ions. For example, m/z 786.5 ([PC18:0/ 18:2 + H] + /[PC18:1/18:1 + H] + ), m/z 760.5 ([PC16:0/18:1 + H] + ), and m/z 845.6 ([PI O-18:1/18:2 À H] -) were the dominant features with loading values of 0.52, 0.33, and 0.33, respectively. In fact, the contents of these ions could be regarded as the major difference between the pulps and seeds. In addition, the ions responsible for intra-cluster variation could be observed from the PC2 axis of loading plot. For instance, the loading value of m/z 760.5 ([PC16:0/ 18:1 + H] + ) was as high as 0.8, meaning that the content of PC16:0/ 18:1 varied greatly in different pulp samples. Meanwhile, the loading values of m/z 784.5 ([PC18:1/18:2 + H] + ) and m/z 786.5 ([PC18:0/18:2 + H] + /[PC18:1/18:1 + H] + ) were also high, indicating the individual differences of avocado samples. As a conclusion, the PCA results revealed the major difference between the pulp and seed samples, that is the contents of ions with high absolute PC1 loading value and low absolute PC2 loading value, like m/z 845.6 ([PI O-18:1/18:2 À H] -).
Conclusion
In this study, a strategy for extraction and analysis of phospholipids was developed and applied to both avocado pulps and seeds. G/TiO 2 was synthesized and packed in SPE cartridge for selective extraction of phospholipids from crude lipid mixture.
Meanwhile, a MALDI-TOF/MS technique was utilized in both positive and negative ion modes for analysis of the sample eluent. The experimental conditions involved in sample preparation and analyses were optimized. Then, this strategy was successfully applied to avocado pulps and seeds. The interfering glycerides were efficiently removed, resulting in a clean spectra of phospholipids. All the ions detected were characterized and submitted to PCA statistical analysis, which revealed the major difference between pulp and seed samples. In conclusion, the optimized G/TiO 2 based SPE method combined with MALDI-TOF/ MS analysis is an efficient, reliable and easy procedure to selectively extract and study phospholipids in avocado samples.
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